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Edited by Francesc PosasAbstract The antifungal plant defensin DmAMP1 interacts with
fungal sphingolipids of mannosyldiinositolphosphorylceramide
(M(IP)2C) class. We screened a Saccharomyces cerevisiae trans-
poson (Tn) mutant library against DmAMP1 and identiﬁed one
DmAMP1-resistant mutant with the Tn inserted in the M(IP)2C
biosynthesis gene IPT1 (DmTn11) and one DmAMP1-hypersen-
sitive mutant with the Tn inserted in rDNA (HsTnII). However,
tetrad analysis pointed to HsTnII as a spontaneous mutant.
Apparently, membranes of DmTn11 lack M(IP)2C, whereas
membranes ofHsTnII have increasedM(IP)2C levels. In addition,
DmTn11 and HsTnII are characterized by increased and reduced
oxidative stress resistance/chronological life-span (CL), respec-
tively. A putative involvement of M(IP)2C in oxidative stress
and CL in yeast is discussed.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Plant defensins are small, highly basic, cysteine-rich peptides
that possess antifungal and/or antibacterial activity [reviewed
in 1]. They are active against diﬀerent phytopathogenic fungi
and human pathogens (such as Candida albicans) [2]. Plant
defensins induce membrane permeabilization through a spe-
ciﬁc interaction with high-aﬃnity binding sites on fungal cells
[3,4], which were identiﬁed as complex sphingolipids [2,5,6].
Yeast mutants aﬀected in the biosynthesis of these sphingoli-
pids are resistant to plant defensins: a Saccharomyces cerevi-
siae Dipt1 deletion mutant was found to be at least 20-fold
more resistant to DmAMP1, a plant defensin isolated from
Dahlia merckii, as compared to the corresponding wild type
(WT) yeast strain [5]. IPT1 encodes an enzyme involved in
the biosynthesis of mannosyldiinositolphosphorylceramide
sphingolipids (M(IP)2Cs) [7]. Recently, we have identiﬁed
SKN1 as a second DmAMP1-sensitivity gene in S. cerevisiaeAbbreviations: Tn, transposon; M(IP)2C, mannosyldiinositolphospho-
rylceramide; CL, chronological life-span; MIC, minimal inhibitory
concentration
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doi:10.1016/j.febslet.2006.02.061and demonstrated its involvement in biosynthesis of M(IP)2C
in yeast [8]. Sphingolipids are an important class of membrane
components in eukaryotes that determine various structural
and functional properties of membranes [9].
Amodel for themode of action ofDmAMP1was presented in
which this plant defensin interacts with membrane patches con-
sisting of the sphingolipid M(IP)2C and subsequently induces
membrane permeabilization in susceptible fungi [8]. Whether
fungal membrane permeabilization results from (i) direct inser-
tion of DmAMP1 in the fungal membrane; (ii) activation of an
endogenous sphingolipid-mediated signaling pathway; or (iii)
disturbance of lipid raft formation/distribution is currently not
clear.
In the present study, we aimed at identifying additional
DmAMP1-sensitivity genes in the yeast S. cerevisiae in order
to elucidate the mode of action of DmAMP1 in more detail.
Therefore, we screened aS. cerevisiae transposon (Tn)mutant li-
brary for enhanced resistance and sensitivity towardsDmAMP1
and identiﬁed one DmAMP1-resistant and one DmAMP1-
hypersensitive Tn mutant. Since DmAMP1-resistance in yeast
species and fungi is associated with altered sphingolipid proﬁles
[2,5,8,10], we analysed sphingolipid proﬁles of the two Tn
mutants. In addition,we assessed their oxidative stress resistance
and determined their chronological life-span (CL).2. Materials and methods
2.1. Materials and Microorganisms
DmAMP1 was isolated as described previously [11]. Yeast strains
used in this study are S. cerevisiae strain W303-1A (MATa leu2-3/
112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-100), and S. cerevisiae strain
BY4741 and corresponding Dipt1 and Dskn1 deletion mutants (Invitro-
gen) and Dipt1Dskn1 double deletion mutant [8].
2.2. Construction and screening of a Tn mutant library
Plasmid DNA from mTn-3xHA/lacZ-mutagenized genomic library
of S. cerevisiae, kindly provided by Prof. Snyder [12], was digested with
NotI and transformed to S. cerevisiae WT strain W303-1A. Transfor-
mants were selected on YMM-URA [8]. About 50000 yeast transfor-
mants were pooled (typically 1000 mutants per pool) and screened
for increased DmAMP1-resistance at 8 lM DmAMP1. Additionally,
about 5000 transformants were individually screened for sensitivity
towards 0.5 lM DmAMP1, as described previously [5].
2.3. Antifungal activity and oxidative stress resistance assay
Antifungal activity of DmAMP1 against yeast strains was assayed
by microscopic analysis of cultures grown in YMM in microtiterplates
as described previously [3]. Resistance or hypersensitivity of yeastblished by Elsevier B.V. All rights reserved.
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ting 5 lL of 400 mM H2O2 on a Whatman paper disk placed on YPD
agar, which was inoculated with 1/100 of overnight yeast culture. After
24 h of incubation at 30 C, diameters of the halos were measured.
2.4. Identiﬁcation of the genomic site of Tn insertion
Genomic DNA immediately adjacent to the LacZ sequences was res-
cued in E. coli using BamHI digested rescue plasmid marked with
LEU2 (pRSQ2-LEU) [12]. Plasmid DNA recovered from transformed
E. coli cells was used for DNA sequencing using primer 97 (5 0-
CCTTAACGTGAGTTTTCGTTC-3 0), which anneals on the Tn.
2.5. Crossing and tetrad analysis
DmTn11 and HsTnII MATa were crossed with W303-1 MATa and
tetrad analysis was done according to standard procedures [13].
2.6. Sphingolipid analysis
Sphingolipids from both overnight cultures and stationary cultures
(5 days) of yeast strains grown in YPD were extracted as described pre-
viously [14]. Sphingolipid analysis of the extracts was performed using
electrospray ionization mass spectrometry (ESI-MS) on a Finnigan
LCQ Deca mass spectrometer in the negative mode. To this end,
100–150 ll of the lipid extracts in CHCl3:MeOH:H2O (16:16:5 (vol/
vol)) was directly infused into the electrospray probehead, at a rate
of 10 ll/min. Mass spectrometer settings were as follows: spray voltage
4.5 kV, capillary temperature 200 C, capillary voltage 32 V, tube
lens oﬀset 5 V, octapole 1 oﬀset 6 V, lens voltage 42 V, octapole 2 oﬀ-
set 11.5 V, entrance lens 76 V. Spectra were averaged over 100 scans.
N2 was used as the sheath gas. MS data were analyzed using Xcalibur
software from Finnigan (San Jose, CA, USA).
2.7. CL determination
Overnight yeast cultures in YPD were diluted to OD = 0.2 in YPGly
(1% yeast extract; 2% peptone; 2% glycerol) and grown for four days at
30 C. Cultures were washed, transferred to water and then daily
washed. Viability of the yeast cultures was analysed by counting the
number of colony-forming units per ml (CFU/ml) on YPD agar plates.3. Results
3.1. Isolation of DmAMP1-resistant and -hypersensitive
S. cerevisiae Tn mutants
About 50000 Tn mutants in the haploid yeast strain W303-
1A, referred to as WT, were screened for increased resistance
and sensitivity to DmAMP1. The minimal inhibitory concen-
tration of DmAMP1 (MICDmAMP1) for WT is 1.25 lM. We
isolated one Tn mutant that was at least 10-fold more resis-
tant to DmAMP1 (namely DmTn11; MICDmAMP1 > 15 lM)
and one Tn mutant that was about 4-fold more sensitive to-
wards DmAMP1 (namely HsTnII; MICDmAMP1 = 0.3 lM).
We found the Tn of DmTn11 inserted in IPT1 (Tn insertion
on chromosome IV at position 590170), conﬁrming IPT1 as a
DmAMP1-sensitivity gene. The Tn in HsTnII was located
within the 25S rRNA gene (Tn insertion on chromosome
XII at position 455159).
To determine whether the presence of Tn in IPT1 or 25S
rRNA is linked with altered DmAMP1-sensitivity, we per-
formed a tetrad analysis. From both crossings, i.e. DmTn11 ·
WTandHsTnII ·WT, 16 haploid progeny strains were selected
(eight ofMATa and eight ofMATa) for which the presence and
position of Tn, and plant defensin resistance was assessed. In
case of progeny strains from DmTn11 ·WT, all DmAMP1-
resistant strains had a Tn in IPT1. In case of HsTnII ·WT, 8
of 16 progeny strains had a Tn in position 455159 of chromo-
someXII (rDNA), but only four of these eightTnbearing strains
were hypersensitive towards DmAMP1. As such, DmAMP1-hypersensitivity appears not to be linked to Tn insertion, but
rather results from a spontaneous mutation in HsTnII, in an
as yet not identiﬁed gene.
3.2. Sphingolipid analysis of the Tn mutants
Since we previously demonstrated that DmAMP1-resistance
in yeast strains is linked to altered sphingolipid proﬁles
[2,5,8,10], we analyzed the sphingolipids of membranes of both
overnight cultures (Fig. 1) and stationary cultures of WT,
DmAMP1-resistant DmTn11 and DmAMP1-hypersensitive
HsTnII by ESI-MS. In membranes of WT strain grown
overnight, the three major sphingolipid classes, namely inosi-
tolphosphorylceramides (IPCs), mannosylinositolphosphoryl-
ceramides (MIPCs) and M(IP)2Cs [7] could be clearly
distinguished. The predominant molecular ion species of the
IPC class were observed at m/z 952.8 and 980.8, representing
IPC-Cs with C18- and C20 sphingoid base forms, respectively
[16]. The predominant molecular ion species of the MIPC class
were observed at m/z 1114.8 and 1142.8, representing MIPC-
Cs with C18- and C20 sphingoid base forms, respectively,
and the predominant molecular ion species of the M(IP)2C
class were observed at m/z 1378.8 and 1406.7, representing
residual Na+ adduct forms of M(IP)2C-Cs with C18- and
C20 sphingoid base, respectively. In contrast, DmTn11 com-
pletely lacked M(IP)2Cs in its membranes, whereas production
of the M(IP)2C class of sphingolipids was upregulated in
HsTnII. Note that in HsTnII, an additional molecular ion
species with m/z 968.7 was observed in the IPC class, represent-
ing IPC-D with C18 sphingoid base. Sphingolipid proﬁles of
membranes of the stationary yeast cultures (results not shown)
were the same as those from the overnight yeast cultures.
3.3. Resistance to oxidative stress and CL of Tn mutants
Additionally, we determined resistance of the Tn mutants to-
wards oxidative stress induced by H2O2. Apart from its hyper-
sensitivity towards DmAMP1, HsTnII was found to be more
sensitive towards H2O2 (Fig. 2A) as compared to the corre-
sponding WT W303-1A, whereas DmTn11 was more resistant
to H2O2 (Fig. 2A). Since chronological aging (i.e. the survival
time of a population of non-dividing yeast cells inwater) in yeast
can be aﬀected by ROS-damage [17], we assessed CL ofWT and
both Tn mutants. CL of HsTnII was decreased, whereas CL of
DmTn11 was increased as compared to WT (Fig. 2A).
3.4. Resistance to oxidative stress and CL of ipt1- and skn1-
deletion mutants
To further investigate whether the absence of sphingolipid
class of M(IP)2C results in increased resistance to oxidative
stress and CL, we assessed these features for yeast deletion mu-
tants in IPT1 and SKN1, which are genes implicated in
M(IP)2C biosynthesis [7,8]. Both single deletion mutants and
double deletion mutant were more resistant to oxidative stress
induced by H2O2, as compared to corresponding WT BY4741
(results not shown). CL of Dipt1, Dskn1, and Dipt1Dskn1 dele-
tion mutants was extended as compared to WT (Fig. 2B).4. Discussion
We previously identiﬁed DmAMP1-sensitivity genes in S.
cerevisiae, namely the M(IP)2C-biosynthesis gene IPT1 and
SKN1, which seems also implicated in M(IP)2C biosynthesis
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Fig. 1. Negative-ion ESI/MS spectra of sphingolipids from WT and Tn mutants. Sphingolipids were puriﬁed from exponential phase WT strain (A),
DmTn11 (B) and HsTnII (C). The three diﬀerent classes of sphingolipids, i.e. IPCs, MIPCs and M(IP)2Cs, and their m/z values are indicated
(representative experiment out of three).
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tant to DmAMP1 and lack M(IP)2C in their membranes. In
this study, we searched for additional DmAMP1-sensitivity
genes by screening a S. cerevisiae Tn mutant library for both,
increased DmAMP1-resistance and -sensitivity. We isolated
two Tn mutants with an altered DmAMP1-sensitivity pheno-
type, namely DmAMP1-resistant mutant DmTn11 and
DmAMP1-hypersensitive mutant HsTnII. Tn insertion in
DmTn11 is in IPT1, which conﬁrms our previous results
[5,8]. A Tn mutant aﬀected in SKN1 however, was not identi-
ﬁed in this screen, implying that the Tn mutant library consist-
ing of 50000 yeast mutants does not cover the complete
genome of S. cerevisiae. HsTnII has a Tn insertion in the
25S rRNA gene. Tetrad analysis demonstrated, however, that
the insertion of a Tn in rDNA is not linked to DmAMP1-
hypersensitivity, indicating that HsTnII is rather a spontane-
ous mutant. Interestingly, using a similar Tn-tagging strategy,
other research groups have also isolated stress resistant yeastmutants with a Tn targeted to the rDNA domain [18]. It is cur-
rently not clear whether a Tn insertion in the rDNA region in-
creases spontaneous mutation frequency under selection
pressure.
Since we previously demonstrated that DmAMP1-resistance
in yeast strains is linked to altered sphingolipid proﬁles
[2,5,8,10], we analyzed the sphingolipids of DmTn11 and
HsTnII. Membranes of DmTn11 showed a complete lack of
M(IP)2C, as in case of Dipt1 or Dskn1 deletion mutants [8],
whereas M(IP)2Cs levels were increased in HsTnII. Hence, it
can be concluded that M(IP)2C content of yeast strains deter-
mines their DmAMP1-sensitivity. Furthermore, it seems that
yeast strains with upregulated M(IP)2C levels are characterized
by hypersensitivity to oxidative stress and a shorter CL,
whereas yeast strains lacking M(IP)2C (including single and
double deletion mutants in IPT1 and/or SKN1) are more resis-
tant to oxidative stress and have an increased CL. These data
are in accordance with a very recent study of Powers and
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Fig. 2. (A) Chronological life-span and oxidative stress resistance of
W303-1A and Tn mutants, and (B), CL of BY4741 and Dipt1, Dskn1,
and Dipt1Dskn1 deletion mutants. Yeast strains were grown for four
days in YPGly and transferred to water. Viability of these cultures was
analysed by counting the number of CFU/ml. (A) Yeast strains are
WT W303-1A (black circles); DmTn11 (open triangles); HsTnII (black
triangles). For assessing oxidative stress resistance of the yeast
cultures, YPD agar plates were inoculated with the yeast strains,
spotted with 400 mM H2O2 and incubated for 24 h at 30C. (B) Yeast
strains are WT BY4741 (black circles); Dipt1 (open squares), Dskn1
(open circles), and Dipt1Dskn1 (open triangles) deletion mutants
(representative experiment out of three).
1906 A.M. Aerts et al. / FEBS Letters 580 (2006) 1903–1907coworkers, in which 4800 homozygous deletion mutants (in
BY4743 background) were ranked according to their CL. Var-
ious sphingolipid biosynthesis genes were ranked within 25%
longest living deletion mutants, including Dipt1 mutant,
whereas Dskn1 deletion mutant was even ranked within 5%
longest living yeast mutants [19]. A direct link between sphin-
golipid-content, oxidative stress resistance and CL in yeast has
hitherto not been reported. Jiang and coworkers demonstrated
that changes in sphingolipid metabolism are important in
determining yeast replicative life-span, i.e. the number of buds
generated by a single mother cell [20]. In addition, Laun and
coworkers demonstrated that various genes involved in sphin-
golipid biosynthesis (including IPT1) are diﬀerentially ex-
pressed in (replicative) aging or apoptotic cells [21]. At
present, the relationship between replicative and CL in yeast,
and the role of oxidative stress in both longevity paradigmsis far from clariﬁed [22–24]. The current observation that
sphingolipids might play an important role in determining
yeast CL, could point to common signaling pathways in both
types of aging in yeast. Additionally, PNC1, which is involved
in extension of replicative life-span in yeast [25], was found to
be downregulated in HsTnII (Smets, B. unpublished results).
Accordingly, in the earlier mentioned study by Powers and
coworkers [19], Dpnc1 deletion mutant was ranked within
30% shortest living deletion mutants based on its CL. Hence,
it seems that downregulation of PNC1 not only results in re-
duced replicative life-span but also in reduced CL, as suggested
in this study and by Powers and coworkers [19].
In order to determine which gene(s) are aﬀected in HsTnII,
we recently performed micro-array analysis. Genes encoding
subunits of cytochrome c oxidase (COX4 and COX5A) were
found to be at least 1.8-fold downregulated, whereas genes in-
volved in protection against oxidative stress (TRX2 and TSA1)
were at least 1.8-fold upregulated in HsTnII (Smets, B.,
unpublished results). These data point to defects in mitochon-
drial function in HsTnII, which is indeed translated in hyper-
sensitivity of HsTnII to oxidative stress induced by peroxide
and reduced CL.
In conclusion, we provided further evidence for the crucial
role of M(IP)2C in DmAMP1 antifungal action by linking
DmAMP1-sensitivity of yeast strains to the level of M(IP)2C
in their membranes. In addition, we show that M(IP)2C levels
might inﬂuence oxidative stress resistance and CL in yeast. Fu-
ture experiments will be directed towards the identiﬁcation of
the aﬀected gene(s) in HsTnII via genetic complementation ap-
proach. Since chronological aging leads to apoptosis in yeast
[26], we will also address the susceptibility of the Tn mutants
for apoptosis via visualization of typical apoptotic markers
(including chromosome condensation, chromosome breakage
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